A study involving 360 farrowings over a five-parity period evaluated the effects of dietary vitamin E on sow reproductive performance and the subsequent effects on serum, colostrum, and milk tocopherol contents. The 2 x 3 split-split-plot experiment was conducted at two locations that differed in the type of facility (indoor gestation penslfarrowing crates [IP/FCl or outside gestation lotshndoor farrowing pens [OL/FPI) and three dietary levels of dl-atocopheryl acetate (22, 44, or 66 I U k g of diet), with five parities nested within sow in a repeated measure design. Sow serum a-tocopherol, Se, and glutathione peroxidase (GSH-Px) activity were measured at 30 and 90 d postcoitum and at 21 d postpartum (weaning) during each parity. Colostrum and 7-, 14-, and 21-d milk samples were analyzed for aand y-tocopherol and Se concentrations. Three pigs per litter were bled at weaning and their serum was analyzed for a-tocopherol and Se concentrations and GSH-Px activity. The results indicated that sow weights and daily lactation feed intakes or litter birth and weaning weights were not affected by dietary vitamin E levels provided to the sow. There was an increased number of pigs born (total, P < .01; live, P < . l o ) when dietary vitamin E was increased. The incidence of mastitis, metritis, and agalactia decreased ( P < .05 j as dietary vitamin E increased, was higher ( P < .05) with first-and second-litter sows, and was higher ( P < .Ol) at the location that had the 0 L " P facility. Colostrum and milk atocopherol increased ( P < .01) as dietary vitamin E increased. Milk a-tocopherol declined linearly ( P < .01) from 7 to 21 d postpartum in a parallel manner between dietary vitamin E levels. At weaning, pig serum a-tocopherol increased ( P < . O l ) as sow dietary vitamin E level increased. These results support a higher dietary level of vitamin E than currently recommended by NRC ( 1988) for both gestating and lactating sows.
Introduction
Vitamin E deficiency has been shown to affect reproduction in several animal species, resulting in fetal death and resorption (Nelson, 1980) . Consequently, when swine diets have been fortified with vitamin E, an increased litter size at birth has J. Anim. Sci. 1994 . 72:2870 -2879 1991 . The supplemental level of vitamin E necessary to attain maximum litter size has not yet been ascertained, but it is considered to be within 10 to 22 I U k g of diet (NCR, 1988; Pharazyn et al., 1990) . Higher dietary vitamin E levels may be necessary when diets contain high-moisture grain (Whitehair and Miller, 1985) or unsaturated fat (Malm et al., 1976) .
Because there is a low placental transfer of atocopherol to the developing fetus (Mahan, 1991) and the subsequent antioxidant status of the neonate is poor (Loudenslager et al., 19861 , it is essential that the pig receive an ample supply of vitamin E a t birth.
Colostrum contains a high concentration of atocopherol, thus providing the neonatal pig with a large quantity of this nutrient (Malm et al., 1976; Mahan, 1991) . It has, however, been demonstrated that a-tocopherol in both colostrum and milk declines in later parities when dietary levels are 5 16 I U k g (Mahan, 1991) . VITAMIN 
E
Another attribute ascribed to vitamin E is its value in reducing the incidence of mastitis, metritis, and agalactia (MMA) in sows. Whitehair and Miller ( 1985) demonstrated that supplementing the sow's diet with Se ( . l ppm) and vitamin E (50 IUIkg) prevented this malady. Hayek et al. (1989) indicated an increased immunoglobulin M level in sow colostrum when vitamin E and(or) Se was injected at 100 d of pregnancy. These reports suggest that a deficiency of these nutrients could affect the disease state in reproducing sows, but when supplied there is an improvement in the sow's immunocompetence.
Because field reports indicate beneficial reproductive responses to high dietary levels of vitamin E, an experiment was conducted to evaluate three dietary vitamin E levels provided at or about current NRC ( 19 88) recommendations on sow reproductive responses over a five-parity period a t two locations.
Experimental Procedure
Pretrial Conditions and Experimental Treatments. A total of 96 crossbred F2 (75% Yorkshire x 25% Landrace) gilts were divided equally into two groups ( n = 48 per group) each a t two locations ( n = 24 per locatiodgroup). Each group between locations started on test at approximately the same time.
From 30 to 120 kg BW, gilts were allowed ad libitum access to a corn-soybean meal (C-SBM) diet supplemented with .3 ppm Se as sodium selenite and 11 IU of dl-a-tocopheryl acetatekg of diet. At 120 kg BW, gilts were allotted on the basis of weight and litter to one of three dietary vitamin E treatment levels.
The experiment was a 2 x 3 factorial arrangement of treatments conducted over five reproductive cycles in two replicates in a split-split-plot design. The two locations (Columbus, Wooster) were the main plot.
Treatment diets supplemented with vitamin E (dl-atocopheryl acetate) a t 22, 44, or 66 I U k g of diet were provided during both gestation and lactation. Panty served as the sub-sub-plot and was nested within sow over time.
The two locations differed in the type of facility that housed the animals. Facilities a t one location (Columbus) were indoor gestation pens and farrowing crates ( IP/FC) , both in complete confinement, whereas the facilities at the second location (Wooster) had outside gestation lots and indoor farrowing pens ( OG/FP). Gestation facilities a t both locations housed animals in groups rather than individually. The gestation pens at the Columbus facility were concrete floors, partially slotted (25% of floor area), and were washed daily of collected excrement, whereas the gestation facilities at Wooster had straw bedding in an outdoor shed that was on a concrete pad and cleaned a t approximately 45-d intervals. Although facility comparisons are confounded due to various factors (i. e., personnel, FOR SOWS 2871 environment, management), the location effect is identified in this report as sow housing facility. A description of the facilities and management system followed in the two housing facilities was presented earlier (Newton and Mahan, 1993) .
Diet Compositions and Management Practices.
Prebreeding and gestation diets were identical in composition except for vitamin E fortification levels and were formulated to a .70% lysine level using a C-SBM mixture. Diets were provided once daily a t 2.3 kg in individual feeding stalls from 120 to 130 kg BW, and then at 1.82 kg to breeding ( 8 mo of age) and through the first gestation. Lactation diets were a C-SBM mixture formulated to a .95% lysine level. The amount of diet provided during lactation was increased by approximately 1 kg/ d from parturition to 5 d postpartum, but then on a n ad libitum basis for the remainder of the 21-d lactation period. Upon weaning and during each subsequent gestation, sows were fed their treatment gestation diet a t 2.1 kgld. All diets were fortified with .3 ppm Se from sodium selenite and formulated to meet or exceed other NRC (1988) nutrient requirements (Table 1) .
Females were hand-mated two to three times a t approximately 12-h intervals upon detection of estrus using Duroc boars. Sows were subsequently bred on the first or second estrus postweaning. Three backfat measurements determined a t 90 d postcoitum and weaning (2 1 d ) were collected (Renco Lean-Meater, Minneapolis, M N ) approximately 40 mm off the midline at the first, loth, and last rib, and then averaged. Sows were culled when they became anestrous, leg or feet problems occurred, and(or) when they were in extremely poor body condition.
At both 30 and 90 d postcoitum of each gestation, five females were randomly selected at each bleeding from each treatment pen a t each location and 10 mL of blood was collected from the vena cava. Serum was harvested, frozen ( -2O"C), and analyzed later for atocopherol and Se concentrations and glutathione peroxidase ( GSH-Px) activity.
Pregnant animals at 109 d postcoitum were placed either in their respective farrowing crates (Columbus), which had rubber-coated, expanded metal floors, or in farrowing pens that contained peanut hulls as bedding (Wooster). Within 24 h of parturition, sows were weighed and a 50-mL sample of colostrum was collected from all functional mammary glands after oxytocin was administered i.m. Milk samples were collected in a similar manner from a minimum of five sows per vitamin E treatment group at each location 7, 14, and 21 d postpartum. In all cases, the litter had not been removed from the dam prior to the collection of colostrum or milk. Colostrum and milk samples were frozen a t -20°C for later a-and y-tocopherol and Se analysis.
During the first 3 d postpartum of each parity, each sow was subjectively scored ( 0 to 3 ) by the herders a t gSupplied 50 mg of chlortetracycline per kilogram of diet.
hThe vitamin E was dl-a-tocopheryl acetate and added a t the P.
P.
appropriate treatment level a t the expense of corn.
each location for the MMA malady. The higher number reflected a severe problem, whereas a 0 score indicated that no problem was detected. Sow weights were obtained at parturition and weaning, and lactation feed consumption was measured from 0 to 7 and 7 to 21 d postpartum. Pigs were cross-fostered only within sow dietary vitamin E treatment group by 2 to 4 d postpartum. Pig weights were collected at birth and 7, and 21 d of age (weaning). All animal and feed weights were collected within 1 d of that indicated. At weaning, a minimum of five sows per dietary treatment group of each parity at each location were bled via the vena cava, and three randomly selected pigs within her litter were bled ( 5 mL) via cardiac puncture. Serum was harvested and frozen ( -20°C) for later analysis of cY-tocopherol and Se concentrations and GSH-Px activity.
AnaZyticaI Methods. Colostrum, milk, and serum concentrations of a-tocopherol were determined by HPLC methods, and serum Se concentration and GSH-Px activity were measured as previously described (Mahan, 1991) .
Statistical analyses was performed using a splitsplit-plot ANOVA of SAS (1985) . Location was the main plot, dietary vitamin E levels the sub-plot, and panty as the repeated measurement nested within sow over time. Individual sow and(or) litter measurements served as the experimental units for production, serum, and milk analytical values. Least squares means are presented in the tables with interactions of dietary vitamin E level x housing facility x panty
Results
Sow Reproductive Performance. The main effects of dietary vitamin E level, panty, and sow housing facilities are presented in Table 2 . Dietary vitamin E levels had no effect ( P > .15) on sow breeding, 109-d postcoitum, farrowing, or 21-d weaning weights, nor did vitamin E have an effect on backfat thickness at 109 d postcoitum or weaning. There was a greater lactation sow weight loss ( P < .01) as dietary vitamin E level increased.
Gilt weights at first breeding averaged 139 kg.
Breeding ( P < .01) and 109-d postcoitum weights increased quadratically ( P < .O 1) by parity, increasing more from parities 1 to 3, with a lesser increase from parities 3 to 5. Gestation gains declined from panties 1 to 3, increased during parity 4, but subsequently declined in the fifth panty, resulting in a cubic ( P < .O 1) parity response.
Sow farrowing and weaning weights increased ( P < .01) from parities 1 to 4, with a plateau between parities 4 and 5. Lactation weight losses occurred during parities 1 to 3; the greatest sow weight loss occurred during the first lactation. A sow weight gain occurred during the fourth and fifth lactation periods, resulting in a quadratic ( P < .01) parity response.
Sows in complete confinement weighed less ( P < . O l ) at breeding, 109 d postcoitum, farrowing, and weaning. Sow weight gains were therefore lower during gestation ( P < .Ol), with greater weight losses ( P < .05) resulting during lactation when sows were in complete confinement (Table 2 ). These responses resulted in a panty x housing facility interaction ( P < .01) for these sow gestation and lactation weight measurements. The lower weights of sows when they were housed in complete confinement compared with those in the outside gestation lot and farrowing pen facility is attributable to higher lactation feed intakes of the latter sow group and their subsequent lower weight loss during lactation.
Backfat thickness at 109 d postcoitum and weaning ( 2 1 d postpartum) declined linearly ( P < .05) from parities 1 to 5. Backfat thickness was lower ( P < .01) at both 109 d postcoitum and at weaning ( 2 1 d postpartum) when sows were housed in complete confinement. There was a parity x facility interaction ( P < .Ol); sows in the complete confinement facility had a greater decline in backfat thickness at both 109 d postcoitum and at weaning from parities 1 to 5, whereas sows housed in the outside gestation lots and farrowing pens did not have as much of a decline in backfat thickness during the five-parity study.
The incidence of MMA was not considered severe in any treatment group but was highest ( P < .05) when Table 2 ). The incidence of MMA was higher in firstand second-litter sows than in older sows, resulting in a quadratic ( P < .05) parity effect, and was lower ( P < .01) when sows were housed in the complete confinement facility.
Lactation feed intakes were higher ( P < .O 1) the initial week postpartum, 7 to 21 d postpartum, and for the entire 21-d lactation period when the 22 IU dietary vitamin E level was provided. The reason for the higher sow lactation feed intake at this dietary vitamin E level is unclear, but this same sow group also had a lactation weight gain compared with weight losses and similar litter weaning weights compared with sows fed the higher dietary vitamin E levels.
Lactation feed intakes for each measurement period and for the entire 21-d lactation increased quadratically by parity ( P < .Ol), the greatest increase occurring between parities 1 and 2.
Parturition and Postnatal Litter Responses.
The main effects of dietary vitamin E, parity, and sow housing facility on parturition and litter performance responses are reported in Table 3 . An increased number of total pigs were born ( P < .01) as dietary vitamin E level increased. Even though there was also a higher number ( P < . l o ) of stillborn pigs when the 66 IU vitamin E level was provided, there still was a quadratic increase ( P < . l o ) in the number of live pigs born when the 44 and 66 IU dietary vitamin E levels were provided. Sows in the complete confinement facility had an increased litter size as dietary vitamin E increased (10.88, 11.48, and 12.03, respectively), whereas sows that were housed in the outside lots during gestation had a similar number of pigs born (12.83, 12.45, and 12.51, respectively) as dietary vitamin E increased. These results tend ( P c .12) toward a dietary vitamin E x location interaction response. Because litter size increased, litter birth weights were also greater ( P < .05) as dietary vitamin E levels increased. There was, however, no effect on individual pig birth weights when the three dietary vitamin E levels were provided. Litter weights at birth were higher when sows were housed in the outside gestation lots ( P < .Ol), reflecting the larger litter sizes at parturition when sows were in this housing facility.
The number of pigs born per litter increased to parity 3 and then reached a plateau to parity 5 ( P c .lo). There was a tendency for a greater number of stillborn pigs during parities 1 and 5 P < . l o ) .
Pig mortality and the percentage of survival during the period from 0 t o 7 d was not influenced by dietary vitamin E level. Although there was a greater number of pigs lost ( P < .01) for the period from 0 to 7 d when sows were in farrowing pens vs crates, there was no interaction ( P > .15) effect of dietary vitamin E at either sow facility.
Live pigs per litter at 7 d postpartum were similar at each parity, but the number of pig deaths during the 0-to 7-d postnatal period increased linearly ( P < .01) as parity increased. The higher pig mortalities are attributed to the crushing of the young pigs by the heavier, older sows, particularly those in farrowing pens.
By 2 1 d postpartum, litter size, litter weights, individual pig weights, and the number of pig deaths from 7 to 21 d postpartum were not affected ( P > .15) by dietary vitamin E level. Litter weights tended to increase ( P < .12) to parity 3, declined a t panty 4, and then increased by parity 5. There was a higher number of pig deaths ( P < .01) and subsequently a lower litter size at weaning ( P < .05) when sows were in farrowing pens vs crates.
For the overall 21-d lactation period, the percentage of pigs weaned compared to those born live was not affected by dietary vitamin E level but declined by parity ( P < .O l ) , and for sows in farrowing pens vs crates ( P < .01).
Sow Sevum Constituents. The effect of dietary vitamin E levels on serum a-tocopherol and Se levels and GSH-Px activities at the various measurement periods is reported to Table 4 . Serum a-tocopherol at 30 to 90 d postcoitum increased ( P < .01) as dietary vitamin E increased. There was a curvilinear increase in serum a-tocopherol concentration at the 30-( P < .05) and 90-d ( P c .01) postcoitum periods as parity increased. Serum a-tocopherol increased during each subsequent gestation at both 30 and 90 d postcoitum within each dietary vitamin E treatment group (data not presented). Serum a-tocopherol levels during gestation were numerically higher when sows were housed in complete confinement rather than housed outdoors, but the difference was not significant ( P > .15). Serum Se concentration increased ( P < .05) at both 30 and 90 d postcoitum as dietary vitamin E increased. There was no dietary vitamin E effect on serum Se concentration at 21 d postpartum. Serum Se declined from parities 1 to 5 at 30 ( P < .O 1) and 90 d ( P < .05) postcoitum, but there was no parity effect on 21-d lactation serum Se values. The type of sow housing facility had no effect on serum Se concentrations.
Serum GSH-Px activity was similar at each measurement period and was generally not responsive to panty, type of sow housing facilities, or dietary vitamin E levels except at 30 d postcoitum, when there was an increase as dietary vitamin E level increased.
Sow CoZostrum and Milk Constituents. Colostrum and 7 -, 14-, and 21-d milk a-tocopherol concentrations increased ( P < .01) as dietary vitamin E level increased at each period (Table 5 ). There was, however, a linear decline ( P < .01) in milk atocopherol content from 7 to 21 d postpartum within each dietary vitamin E level; the decline between the Colostrum and milk a-tocopherol contents increased in a quadratic ( P < .01) manner by panty, the concentrations increasing to parity 3 and then subsequently declining. Although sows housed in the complete confinement facility had somewhat higher colostrum and milk a-tocopherol contents than those sows housed outdoors and in farrowing pens, the difference was not significant ( P > .15).
The concentration of y-tocopherol in colostrum and milk declined ( P < .01) as the dietary level of vitamin E increased. An inverse relationship occurred between the a-and y-tocopherol contents in both colostrum and the milks, a response consistent with a previous observation (Mahan, 1991) . Colostrum y-tocopherol contents increased to panty 3, whereupon it declined to parity 5 ( P < .Ol), whereas the 7-, 14-and 21-d milk y-tocopherol concentrations declined after parity 2 ( P < .01).
Colostrum Se content was not affected by dietary vitamin E level, but concentrations were about twice as high in colostrum as in the later milks. During the period from d 7 to 21, milk Se concentrations were also not affected by dietary vitamin E levels fed to the sow. Colostrum and milk Se contents increased from parities 1 to 2, but then declined by parity 5 ( P < .01).
Sow housing facilities had no effect on colostrum or milk Se contents.
Pig Serum Constituents. Pig serum a-tocopherol concentrations at weaning were higher ( P < .01) as the dietary vitamin E levels fed to their dams increased (Table 4 ). This reflected the higher milk a- tocopherol contents consumed by pigs nursing dams fed the higher dietary vitamin E levels. Pig serum Se concentrations and GSH-Px activities were not affected by dietary vitamin E level.
Serum a-tocopherol contents increased by parity in a curvilinear manner ( P < .05), with the lowest concentrations observed from pigs in parity 1. Pig serum Se concentrations and GSH-Px activities also varied curvilinearly ( P < .01) by panty.
Discussion
The efficacy of supplemental vitamin E in restoring reproductivity in the vitamin E-deficient female rat fed a semipurified diet is well established (Nelson, 1980) . Most swine studies have demonstrated an increased litter size at birth when vitamin E was supplemented in cereal grain-based diets (Adamstone et al., 1949; Cline et al., 1974; Chavez and Patton, 1986; Mahan, 19911 , but the dietary level to attain maximum reproductive performance is not clear. The current study conducted for a five-parity period suggests an increased litter size (live pigs born) when a supplemental dietary level of 44 IU dl-a-tocopheryl acetatekg of diet was provided.
Mastitis, metritis, and agalactia problems have been previously linked with a dietary inadequacy of either vitamin E or Se (Whitehair and Miller, 1985; Mahan, 1991) . Even though a low incidence of MMA was observed in the current study, the results indicated that his postpartum malady was lower when supplemental vitamin E levels were 44 to 66 I U k g of diet. First-and second-litter sows were more affected by this condition than were older sows. A recent report (Wuryastuti et al., 1993) suggests that both Se ( . 3 ppm) and vitamin E (60 IUIkg) may be necessary to enhance the immunogenic capability of reproducing sows. The lower incidence of MMA in the current study when sows had 44 to 66 IU of vitamin E supplemented per kilogram of diet indicates that high dietary levels of vitamin E may be beneficial to sows, not only in improving their reproductive performance but also in attaining an enhanced immunocompetence. Although location (facility) effects in this study were confounded by several factors, the results imply that sows housed in the outside gestation lotlfarrowing pen facilities had a higher incidence of MMA than sows housed in complete confinement. The less sanitary conditions of the outside gestation lotslfarrowing pen facilities in this experiment may have contributed to the higher incidence of MMA. There was, however, no dietary vitamin E x facility interaction in this study.
It is clear that colostrum a-tocopherol is essential for the neonatal pig (Loudenslager et al., 1986) . Although a-tocopherol is higher in colostrum than in Literature Cited later milks, the amount in colostrum is increased when the dietary vitamin E level fed is increased or when it is injected into the sow during late gestation. This study demonstrated no decline in a-tocopherol for the five-parity period in either colostrum or milk when a supplemental level of 22 IU vitamin E k g was fed, whereas a previous study (Mahan, 1991) indicated a decline in both colostrum and milk a-tocopherol contents over a three-panty period when dietary vitamin E levels were I 16 IUkg.
Pigs at weaning experience a decline in serum atocopherol concentration for an approximate 2-wk postweaning period (Mahan and Moxon, 1980; Meyer et al., 1981) . The results of the current study demonstrated that pigs from sows fed vitamin E at 22 I U k g had a lower serum a-tocopherol concentration at weaning than pigs from sows fed higher dietary vitamin E levels. Although the concentrations of CYtocopherol in mature milks increased as the dietary level of vitamin E increased, the levels declined from 7 to 21 d postpartum, regardless of the dietary level fed to the sow. These results suggest that pigs nursing sows fed higher dietary vitamin E levels received more a-tocopherol during the latter part of lactation and thus were in a better vitamin E status at weaning than pigs from sows fed the lower dietary level.
Implications
Litter size improved and the incidence of mastitis, metritis, and agalactia was reduced when a 44 or 66 IU concentration of dl-a-tocopheryl acetate was provided per kilogram of diet during both gestation and lactation. Colostrum and milk a-tocopherol contents increased as the supplemental dietary level of this vitamin increased. Colostrum contained a higher a-tocopherol content than later milks, but there was a decline in milk a-tocopherol content from 7 to 21 d of lactation at all dietary vitamin E levels. Pig serum atocopherol was higher at weaning when sows were fed higher dietary vitamin E levels. These results agree with previous work suggesting that the vitamin E requirements of reproducing sows are higher than currently recommended and that the progeny of animals fed higher dietary levels of vitamin E were in a better vitamin E status at weaning.
